Abstract Vascular smooth muscle cell (VSMC) migration and proliferation are critical steps in the pathogenesis of atherosclerosis, post-angioplasty restenosis, neointimal hyperplasia, and chronic allograft rejection. Extracellular nucleotides are known to influence both migration and proliferation of VSMC. Although it is well established that vascular endothelial Cd39/ENTPD1 regulates blood nucleotide concentrations, whether Cd39 associated with VSMC also impacts vascular wall pathology in mice has not been investigated. The objective of this paper is to determine levels of expression of Cd39 on VSMC and functional consequences of gene deletion in vitro and in vivo. Cd39 is the major ectonucleotidase in VSMC, as shown by substantive decreases in ecto-ATPase and -ADPase activity in Cd39-null cells compared to wild type. Significant decreases in neointimal lesion formation are observed in Cd39-null mice at 21 days post arterial balloon injury. Stimulated Cd39-null VSMC have pronounced proliferative responses in vitro. However, using Transwell systems, we show that Cd39-null VSMC fail to migrate in response to ATP, UTP, and PDGF. Cd39 is the dominant ectonucleotidase expressed by VSMC. Deletion of Cd39 in mice results in decreased neointimal formation after vascular injury and is associated with impaired VSMC migration responses in vitro.
Introduction
Accumulation of vascular smooth muscle cells (VSMC) in the vascular neointima is a pathological hallmark of atherosclerosis, restenosis after angioplasty, and vasculopathic rejection of allografts. Purinergic type-2 (P2) receptors, as expressed by VSMC, are activated in an autocrine or paracrine manner by extracellular nucleotides that are released from perivascular nerves, activated platelets and from injured endothelial cells (EC) [1] [2] [3] [4] [5] .
In vitro studies of VSMC have shown that extracellular nucleotides induce cell cycle progression and proliferation [6] [7] [8] . For example, UTP has chemotactic effects on VSMC migration which involve Rho and mitogen-activated purine signaling via P2Y receptor subtypes [3, [9] [10] [11] .
Ecto-nucleoside triphosphate diphosphohydrolase-1 (CD39 or ENTPD1) is a key vascular endothelial ectoenzyme which hydrolyses extracelluar nucleoside tri-and diphosphates in the blood [12] [13] [14] . CD39 is expressed on the luminal surface of EC and VSMC [15] and has major thromboregulatory properties that maintain blood flow and fluidity [16, 17] . CD39 over-expression has been shown to provide protection against graft rejection [18] , ischemiareperfusion injury [19] , and is involved in angiogenesis [20] .
The precise nature and role of CD39 expression on VSMC has been undetermined to date. In the present investigation, we determined levels of Cd39 expression on VSMC, the effects of Cd39 deletion on function (in vitro) and evaluated how altered nucleotide phosphohydrolysis pathways impact repair of injured arterial vessels (in vivo) following balloon injury in mice.
Methods

Reagents
DMEM/F-12, trypsin, FCS, penicillin, and streptomycin were obtained from Invitrogen/Gibco (Carlsbad, California). ATP, ADP, and UTP (Sigma) was dissolved in distilled water adjusted to 10 mM, neutralized to pH 7.4 sterilized by filtration and stored at −20°C. Rat PDGF-BB (Sigma) dissolved in distilled water adjusted to 50 nM concentration.
Animals
Adult male (6-10 week) C57BL6 mice (Jackson Laboratory), and Cd39
−/− mice (C57, BL6) were used for primary VSMC cultures and arterial wire injury. Cd39 −/− mice were generated in our laboratory as described before [21] . Animals were housed in accordance with the guidelines from the American Association for Laboratory Animal Care and the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee (IACUC) approved all research protocols.
Wire injury model
Animals were anesthetized with intraperitoneal ketamine and xylazine. Through a midline neck incision, the common carotid artery was dissected and exposed; proximal and distal vascular controls were obtained. The left external carotid artery was tied off distally, and via transverse arteriotomy, a 0.014-in. flexible angioplasty guidewire was advanced 1 cm. Uniform endothelial denudation was achieved by three passes along the common carotid artery using a rotating motion [22] .
Histomorphometric analysis
Animals were euthanized 21 days after arterial injury, and the carotid arteries and contralateral samples were collected and snap-frozen in liquid nitrogen. Samples were sectioned (5 µm) at 200 µm intervals, and stained with hematoxylin-eosin. Six images per vessel were acquired at various magnification levels. Distances and areas of intimal and medial layer were calculated by digital imaging software (Image J, NIH) using arbitrary parameters. Histomorphometry was analyzed in a blinded fashion by two observers.
Immunohistochemistry
Vessels were quick-frozen and stored at −80°C. Cryostat sections were fixed with acetone. Staining was performed using primary antibodies directed against SMC-alpha-actin (Sigma-Aldrich) and CD31 (BD Pharmingen), as described [23] . Anti-murine NTPDase1 and NTPDase2 polyclonal antibodies (pAbs) were derived by cDNA immunization, as described [23] .
Western blot analysis
Cells were serum-starved and protein extracts from cell lysates, and anti-murine NTPDase1 polyclonal antibodies were utilized for Western blotting, as previously described [23] .
Cells
Primary mouse aortic VSMC from control and Cd39-null mouse were isolated and cultured as previously described [24] . At least three different cultures were used for each group. Cell types and purity were confirmed by alpha-actin staining. Experiments were repeated with cells isolated from the wild-type and knock-out animals. All experiments using VSMCs were conducted in cell fourth passages or less under subconfluent conditions.
Ectonucleotidase assays
To determine the 5′-tri and di-phosphate nucleoside activities, the 24-well microplates containing VSMC were washed three times with incubation medium in absence of nucleotides/PO4. The reaction was started by the addition of 200 μl of the incubation medium containing (final concentration) 2 mM CaCl 2 , 120 mM NaCl, 5 mM KCl, 10 mM glucose, 20 mM Hepes, pH 7.4, and various concentrations of nucleotides (ATP, ADP, and UTP) at 37°C. The nucleotide concentrations were chosen from substrate curves to assure the enzyme saturation and the incubation time was chosen from time courses (30 min) to assure the linearity of the reaction (data not shown). To stop the reaction, an aliquot of the cell incubation medium was withdrawn and transferred to an Eppendorf tube containing trichloroacetic acid (TCA) to a final concentration of 5% (w/v). The production of inorganic phosphate (Pi) was measured using the malachite green method [25] , with KH 2 PO 4 as the Pi standard. The non-enzymatic Pi released from nucleotide into the assay medium without cells and Pi released from cells incubated without nucleotide were subtracted from the total Pi released during incubation, giving net values for enzymatic activity. All samples were run in triplicate. Specific activity was then expressed as nanomole Pi released per minute per milligram of protein.
Proliferation assays
Primary mouse VSMCs from control and Cd39-null mice were seeded on 96-well plates (1×10 4 cells/well) and cultured for 24 h in DMEM/F-12 containing 10% FCS. Cells were serum-starved (0.2% FCS) for the following 24 h and then stimulated with 10% FCS containing medium, 50 nM PDGF or various concentrations of ATP for 24 h. In studies that cells were stimulated with ATP only for 5 min; cells were kept in 0.2% FCS for completion of 24 h. Twelve hours prior to harvest, cells were pulsed with [ 3 H]-thymidine (1 mCi/well; Perkin Elmer, Boston, Massachusetts). Experiments were repeated three times in triplicate.
Migration assay
Transwell system (Costar) was used to perform migration assay. Briefly, cells were trypsinized, washed, and resuspended in serum-free medium DMEM containing nucleotides and growth factors at various concentrations. Lower surfaces of chambers were coated with collagen type IV and 250,000 cells were allowed to adhere and migrate over a 6-h period. After this time, cells were fixed with ethanol and stained with 0.2% crystal violet solution. Cells were wiped away from the top of Transwell filters before counting cells on the bottom (i.e., those cells with nuclei that had migrated across the filter). Five fields of vision (×20 objective) per well were randomly chosen and cell counts performed manually. Data were also normalized to the control wild-type VSMC migration levels.
Statistics
Student's t-test with one-tailed distribution was used to analyze data. 
Results
Murine carotid artery expression of ectonucleotidase
The patterns of Cd39 or ENTPD1 expression in murine arteries are comparable to those observed in human arterial samples. Specifically, Cd39 is predominantly expressed on the endoluminal surface of the carotid artery and in the vascular smooth muscle of the media (Fig. 1a) . In contrast, ENTPD2 (Cd39L1) is expressed on the adventitia layer of the vessels (Fig. 1b) .
Cd39 is the dominant VSMC ectonucleotidase Specific expression of Cd39 in wild-type VSMC and the complete absence of this ectonucleotidase in Cd39-null VSMC were confirmed by Western blot (Fig. 1c) . We then determined relative functional contributions of Cd39 to the total NTPDase activities in VSMC from wild-type and knock-out cells. Both ATPase-and ADPase-specific activities were significantly decreased in Cd39-null VSMC: ATPase specific activity; WT, 28±3 vs. KO, 8±4 nmol/mg/ min, P<0.002; ADPase-specific activity; WT, 18±3 vs. KO, 2±1 nmol/mg/min (Fig. 2) , P<0.003. This proportionate decrease in biochemical activity in VSMC is comparable to that seen in Cd39-null EC [21] . This near absence of NTPDase activity in Cd39-null VSMC indicates that Cd39 is the dominant ectonucleotidase.
Cd39-null carotid arteries have a blunted neointimal response to traumatic injury A carotid artery wire injury model was used to observe Cd39 function in post-traumatic vascular injury conditions in vivo. Injured and uninjured-control contralateral carotid arteries of wild-type (WT; n=6) and Cd39-null (n=6) animals were harvested 21 days after injury to evaluate the morphology and neointimal response (Figs. 3 and 4) . Control uninjured vessels from both group showed similar features and a sample vessel from the WT group is presented in the Fig. 3a . Although there was slight increase in the WT media (M) surface area this difference was not statistically significant (P=0.09). In contrast, KO intimal (I) arterial surface area was significantly less than WT (P<0.05) (Fig. 4a) . These findings suggest increased proliferation of the Cd39-null VSMC within the vessel media but lack of migration to the intima.
Significant decreases in the neointimal lesion formation were observed in Cd39-null mice at day 21 after injury (I/M, 0.78±0.3 in WT vs. 0.3±0.1 in the KO, P<0.05; Fig. 4b ). These neointimal lesions contain alpha-smooth muscle actin positive cells (Fig. 3d) .
Cd39-null VSMC show aberrant proliferative responses
To determine differential rates of proliferative responses in vitro, WT and Cd39-null VSMC were stimulated with media containing 10% serum and/or PDGF. Paradoxically, the Cd39-null VSMC exhibited pronounced proliferative responses to both serum and PDGF stimulation. Exogenous serum increased thymidine incorporation 4.5±0.4-fold in WT vs. 7.3±0.8-fold increase in Cd39-null (P<0.05). PDGF increased thymidine incorporation 6.3±0.7-fold in WT vs. 8.3±1.1-fold increase in Cd39-null (P<0.05; Fig. 5a ).
Cd39-null VSMC were minimally responsive to stimulation with different concentrations of ATP when compared to WT VSMC (Fig. 5b) . The differential Fig. 4 Quantitative histomorphometry measurement post-wire injury of common carotid artery in wild type and Cd39-null mice. Twentyone days after arterial injury, carotid arteries were collected from six animals of each group (WT and KO) and snap-frozen in liquid nitrogen. Samples were sectioned (5 µm) at 200 µm intervals, and stained with hematoxylin-eosin. Six images per vessel were acquired at various magnification levels. Distances and areas of intimal and medial layer were calculated by digital imaging software (Image J, NIH) using arbitrary parameters. a Intimal (I) and media (M) surface area compared in WT (n=6) and KO (n=6) carotid arteries. KO intimal surface area is significantly less than WT (*P<0.05). There was no statistically significant difference between WT and KO media surface area (P=0.09). b Neointimal formation shown by I/M ratio was shown to be significantly decreased in Cd39 null mice at day 21 following injury (*P<0.05) responses of wild type and Cd39-null VSMC were noted when cells were stimulated with 10 and 100 μM concentrations of ATP.
We noted a 1.47±0.17-fold increase in wild type vs. 0.88±0.12-fold increase in Cd39-null VSMC after stimulation with 10 μM ATP and 1.8+0.42-fold increase in wildtype vs. 0.88±0.12-fold increase in Cd39-null VSMC after stimulation with 100 μM ATP. Exposure to ATP for more than 5 min decreased cellular proliferation of both WT and Cd39-null VSMC, as observed following exposure to ADP and other nucleotides (data not shown).
Cd39-null VSMC show impaired chemoattractant properties
The chemotactic effects of ATP, UTP and PDGF were studied in cultured WT and Cd39-null VSMC, using Transwell systems. We demonstrated that Cd39-null cells fail to migrate in response to ATP (100 μM), UTP (100 μM) and PDGF (50 nM; all have P<0.005; Fig. 6 ). These decreased levels of migration in the Cd39 null VSMC were found to be comparable to the published findings in mutant monocytes [20] .
Discussion
Our data indicate that Cd39 is the dominant ectonucleotidase in VSMC and that extracellular nucleotide signaling plays an important role in VSMC functions. Deletion of Cd39 in VSMC profoundly decreases cell-associated NTPDase-specific activity. Minimal preservation of VSMC ATPase activity in the Cd39-null environment might be explained by the presence of other ENTPD/Cd39 family members, including Cd39L1. This is the first study to confirm Cd39 expression in VSMC in vitro and demonstrate a putative role for this ectoenzyme in the regulation of cellular functions. In particular, we show that deletion of Cd39 impairs migration of VSMC in response to nucleotides or growth factors in vitro and appears to ameliorate neointimal formation in injured carotid arteries in vivo.
Impaired migration of Cd39-null VSMC in vitro might explain the observed decrease in neointimal formation after vascular injury. Indeed, we have previously shown impaired migration and adhesion of Cd39-null monocytes and microglial cells upon extracellular matrix proteins [20, 26] . These data also show that Cd39 null microglial cell migration can be corrected by dual stimulation with ATP and adenosine [26] . Similar effects of ATP and adenosine on leukocyte migration have been described in neutrophils [27] .
This migration abnormality has been shown to be associated with desensitization of nucleotide receptor P2Y-mediated signaling pathways in the setting of extracellular nucleotide excess [20] . Published data in Goepfert et al., suggested that P2Y 1 -and P2Y 2 -receptor desensitization responses after deletion of Cd39, may explain disordered migration of Cd39-null macrophages. Furthermore, Weisman et al. have shown that in vivo up regulation of P2Y 2 receptor mRNA in medial VSMC initiates neointimal formation. These P2Y 2 -mediated effects of nucleotides have been shown to tightly regulate and modulate VSMC function [28, 29] .
Another mechanism to globally inhibit P2Y-mediated responses would be to scavenge extracellular nucleotides by high-level expression patterns of Cd39. Furukoji et al., have shown that expression of placental derived CD39 in rat carotid arteries suppresses thrombus formation and also suggest that subsequent neointimal formation may be limited by this manipulation [30] . Our own studies with rat aortic intimal injury suggest that human vascular CD39 up regulation with adenoviral vectors has comparable protective effects [31] .
These somewhat puzzling effects may be explained by the desensitization of select P2Y receptors that in the absence of NTPDase activity has the same effect on receptor-signaling events, as would excessive scavenging of nucleotide, when CD39 is upregulated [30, 31] . Hence, both knock-out mice null for Cd39 and transgenic mice over expressing CD39 have prolonged bleeding times secondary to platelet dysfunction, predominantly at the P2Y1 receptor level albeit at different pericellular nucleotide levels [21, 32] . We consider the Cd39-null VSMC defects, as shown here, to have a comparable underlying cause related to P2Y-type desensitization. In conclusion, we demonstrate the key role and importance of Cd39 expression in the VSMC ectonucleotidase activity and its effect on modulation of associated cellular functions. Moreover, Cd39 deletion impairs VSMC migration in vitro and inhibits neointimal formation in a murine model of injured carotid arteries. Our data provide important insights for the development of novel therapeutic strategies targeted at progressive atherosclerotic diseases and allograft vasculopathy.
